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NWC TP 6544

INTRODUCTICN

Calculations have been reported from the Naval Postgraduate School for the result. of
adiabatic internal explosions in systems containing a variety of C-H-N-O fuels in air with or
without the addition of the active metals magnesium or aluminum.1-7 The preseni study
reflects the extension of the studies to titanium as the active metal.

As before, metal and fuel are considered introduced into a constant volume of 1 m3,
initially at 25°C. Products are assumed distributed evenly throughout the volume. The
process is treated as adiabatic, and the ideal-gas approximation is assumed to hold.

The fuels considered are listed in Table 1, along with a few pertinent properties.
Oxygen balance is computed, on a mass-percent basis, as the excess (deficiency, when
negative) of oxygen in the fuel relative to the production of water, carbon monoxide, and
elemental nitrogen,

In all the following, the symbol C will represent the charge, or mass of fuel, per cubic
meter of air and M, the mass of metal (titanium) per cubic meter. Charge-to-metal (C/M)
ratios and total concentrations (C + M, in kilograms per cubic meter) were varied over the
range 0.1 to 10 for each.

In several of the tables, a code is used to indicate the condensed phases present: L =
liquid oxide solution; C = TiC; N = TiN; G = graphite; A = TigOg; B = TiQq.

1 Naval Weapons Center. Peak Querpressures for Internal Blast, by G. ¥, Kinney, R. G. 8. Sewell, and K. J.
Graham. China Lake, Calif., NWC, June 1979, (NWC TP 6087, publication UNCLASSIFIED.)

2 Naval Weapens Centor. Reactive Metals in Internal Explosions: The Combustion of Magnesium in Air, by
R. A, Reinhardt. Chine Lake, Calif., NWC, February 1978. (NWC TM 3429, publication UNCLASSIFIED.)

3 Naval Weapons Center. Adiabatic Computation of Internal Blast for Magnesium-Cased Charges in Air, by
R. A. Reinhardt, China Lake, Calif., NWC, April 1979. (NWC TM 3820, GIDEY E202-1481, publication
UNCLASSIFIED.)

4 Naval Weapons Ceniter. Adiabatic Computation of Internal Blast for Aluminum-Cased Charges in Air, by
R. A. Reinhardt and A. K. McDonald, China Lgke, Calif.,, NWC, January 1982. (NWC TP 6287, publication
UNCLASSIFIED.)

5 Naval Weapons Center. A Working Mudel for the System Alumina-Magnesia, by R. A. Reinhardt. China
Lako, Calif., NWC, May 1983. (NWC TP 6433, GIDEP E382.0754, publication UNCLASSIFIED,)

6 Naval Weapcns Center. Computer Program for Internil Aluminum-Fuel-Air Explosions, by R. A,
Reinhardt. China Lake, Calif., NWC, May 1983, (NWC TP 449, GIDEP E413-0319, publication UNCLASSIFIED.)

7 Naval Postgraduste School. Internal Explosions of Reactive Aluminum with a PBX in Air, by R. A.
Reinhardt. Monterey, Calif., NPS, August 1983. (NPS-61-83-011-PR, publication UNCLASSIFIED.)
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TABLE 1. Properties of the Fuels.

AU, 298, Oxygen balance,

Designation Name and chemical formula kl/imole t0CO + H20,%
<

PETN Pentaerythritol tetranitrate, -489.8 +15
CsHgN40O12

NC Nitrocellulose, 13.3% N; -8129 +3
CegH7N2.5010

HMX sym-Cyclotetramethylene- +774 0
tetranitramine, C4HgNgOg

Pentolite 50% PETN, 50% TNT; =979 -5
Ce.16H6.25N3.4108.5

CompB 65% RDX, 35% TNT; +1147 -9
C1.96H2.53N2.2202 68

TNT 2,4,6-Trinitrotoluene, +30.7 =25
C7H5N306

N2Hg Hydrazine -165.0 ~100

C2HaC Ethylene oxide —47.29 -109

Carbon Graphite 0 -133

CeH1a Hexane +100.31 =242

Internal energies of formation are per mole of formula indicated.
Data were taken or computed from Ref. 1

BASIS OF CALCULATIONS

As is pointed out in Ref. 4, the adiabatic restriction requires that a temperature be
found such that the sums of the internal energies of the equilibrium mixture of products at
that temperature must equal the initial internal energy of formation of the chosen fiel. The
pressure is then computed from the ideal gas law, taking into account the total number of
moles of gas present at equilibrium at the temperature. The overpressure is found by
subtracting 1 bar.

As before,4 thermochemical data are represented by the five-parameter expression
U = By + BeT + B3T2 + By4lnT + Bg/T

where T is the Kelvin temperature. In Table 2 are listed the internal energy parameters for
the 25 gaseous and 15 condensed-phase species considered. Those for titanium species were ‘

NP D AL A £ ax . DI T
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TABLE 2. Internal Energies of Combustion Products.
. Expressed as a function of t = T/1000 (in kilokelvins);
values given in joules/mole: U(T) = By + Bt + B3u2 + Balnt + Bsfv

Substance By B2 B3 Ba Bg
Ti 310931 11660 75 1364 664
Tio 264015 30151 272 -2961 1040
TiO2 - 55866 60797 -355 -22628 -a116
Ti+ 1029558 29682 -252 - 49343 -43618
Ar -3718 12473 0 0 0
o -84115 31136 -25 -6218 24
oy -361013 56789 67 -9201 1764
H 213029 12473 0 0 0
OH 166505 34786 -88 - 20093 -7842
H 136535 32890 313 - 21058 -9413
H20 50545 63224 -395 - 45949 - 16417
NO 105501 20619 10 -4353 631
N2 38785 31651 - 61 -7831 - 657
o 214445 9604 298 2428 2050
0; 32105 29476 662 - 6265 -2102
Tic {N) -617142 62760 Q 0 0
TiC (s} -762148 27917 6225 14807 3981
Ti Q) - 465953 35564 0 0 0
Ti (s} - 695970 - 10976 8134 35009 11727
Cis) -40329 22904 320 10 ¢
N 102390 31551 -69 29 0
N 691554 38828 740 -37192 - 24658
CyH 758476 66613 239 - 43882 - 20692
¢aN 538335 54371 -15 -1052 2404
HCN 284944 62760 -302 - 26216 - 5947 -
HNCO 36816 83592 -474 - 28281 - 4750 E
HCO 90276 56166 -1353 -19233 - 2343 3
CH20 54534 85563 -609 -32362 - 1612 E
CaHy 474890 92019 -7 -~ 42593 -10539 .f
G 906056 48307 282 ~ 16185 -3220 P
o - 1040198 66944 0 0 (]
Ti0 (s) ~1011246 56480 2163 ) 0
Tiz03 () -1942190 156900 0 0 0
Ti;03(s) - 2041671 145104 2725 -30 3248
Ti305() - 2875209 224304 0 0 0
Ti305(s) -2963674 174570 16844 266 123
Tio2 (1) - 1395260 87864 0 0 0 :
Ti02 (s) -1436271 62766 5687 159 1079 :
TiN (1) - 770564 62760 0 0 0 !
TiN (5) - 847427 38404 5099 4361 812 A

Substances are gaseous unless otherwise specified.
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calculated from data in tﬁe JANAF tabies,8 recomputing the data 56 as to accommodate the
universal choice of titanium vapor as the reference state. Parameters for the other species are
takenfromRef. 4.

EQUILIBRIUM CONSIDERATIONS

THE SYSTEM TITANIUM-OXYGEN

Unlike magnesium and aluminum, the metals studied earlier, titanium forms a
number of solid oxides. The compounds Ti0, Tis03 and TiOg are well known, and their
formation accords with the solution chemistry of this transition metal. The phase diagram of
the system Ti-O is reasonably well established up to the meiting point.$:10 Maxima in
melting point appear to correspond to Tiy0, TigQ3, TizgOg and TiOg. Ti0 appears to melt
incongruently. There is extensive solid-sclution formation and considerable temperature-
dependent polymorphic transition. Oxygen is soluble in titanium metal to the extent of about
25 atom-percent, yielding solid solutions which show metallic conductance. In general, the
lower oxides are all nonstoichiometric and show semiconductor properties.

The phase diagram gives no direct evidence regarding the liquid phase, but the
appearance is not inconsistent with that of a system with no discontinuities in the liquid
phase.

For these reasons, it has been assumed in the present study that the liquid phase in
the system Ti-Q is coniinuous; that is, that there is complete miscibility from the metal to the
composition TiOg. This liquid is assumed to be an ideal solution of the liquids Ti, TiO, TiyOg,
Tiz0g and TiO2. Ti20 was not included since no thermochemical or equilibrium data appear
to be available for it.

The complexities of the solid phases have been ignored in the present study. Only a
small number of points were at temperatures below the melting-point curve: most of these
were for oxygen-rich systems in which solid TiOg formed or for carbon-rich systems in which
TiC but no oxide at all resulted. Pure solid phases were assumed in those few cases where
golid TigOs, alone or with Ti0g, appeared.

In the computer program the presence of “liquid oxide” (that is, the liquid solution of
oxygen in titanium) required in part that the temperature be above 2143 K (the melting point
of TiOg and the highest temperature on the meiting-point curve). This criterion was adopted
for the sake of simplicity, and proved satisfactory in all but a handful of cases where a liquid
was obtained, but below 2143 K. These points were recomputed, now waiving the
temperature requirement for liquid oxide. It was found that this change made very fittle
difference (at most a few tenths of a bar) in the computed pressure.

8 National Bureau of Standards. JANAF Thermochemical Tables, 2nd edition, by D. R. Stull and H.
Prophet. Washington, D.C., NBS, June 1971.
€ R.C.DeVriesand R. Roy, Am. Ceramic Soc. Bull., Vol. 33(1954), pp. 370-72.

10 p G. Wahlbeck and P. W. Gilles, J. Am. Ceramic Sac., Vol. 49 (1966), pp. 180-83.
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A set of calculations was carried out for the system TNT-Ti-air using the quite

« different (and less reasonable) assumption that the liquid oxide phases were gompletely

| immiscible with one another and with the liguid metal. Results were appreciably different, as

to both adiabatic temperatures and pressures found. The pressures tended to be higher (by up

to 12%) even though the temperatures were lower. This result was in accord with the
reduction in fugacities accompanying solution formation.

it should be remarked that it was assumed that TiC, TiN and graphite, when present,
existed as pure phases.

EQUILIBRIUM DATA

As in the previous study,t equilibrium constants of formation were fitted to the four-
parameter equation;

logioK = Ay + Agl(A3 + T) + AT

In Table 3 are listed the equilibrium constant parameters for all the species considered
(except for the elements in the reference states, for which all the parameters are zero). Those
for the titanium species were computed from the JANAF tables,8 with the data below 3591 K
(the normal boiling point for titanium) recomputed to take into account the choice of titanium
vapor as the reference state. (This choice was made to avoid the discontinuities that would
ctherwise occur at the melting and boiling temperatures of titanium.) Parameters for the
other species are taken from Ref 4, '

In application, each K (expressed in partial pressures) is first converted to a K, (in
terms of mole numbers). Then for any species the number of moles is given as a known
function of K,, and the "master variables™ X = VOg; Y = VHg, Z = VNy; Ti; and Ace, which
is the activity of carbon (standard state, graphite). (Formulas in the last sentence refer to
number of moles.)

EQUILIBRIUM CALCULATIONS

For argon, the mole number is always 0.4036, the number of moles in 1 m3 of air at
298 K, 1 bar. For each of the five remaining elements, a material balance equation may be
written representing conservation of the number of moles of atoms of each element. The mole
number of each of the chemical species present is a function of those of the ¢lements in
standard states and the activity of carbon, hence, five simultancous equations in five
unknowns (the five “master variables” referred to earlier) are obtained.

In actuality the maximum number of unknowns to be considered is four, since Y =
VHgy can always be found in closed form as a function of the others. Considering also the
phase rule restriction, the number of variables to be solved for is four less the number of
condensed phases. The Newton-Raphson method, as described in Ref. 4, is then used to solve
this set of simultaneous nonlinear equations.




NWC TP 6544

TABLE 3. Equilibrium Constants of Formation of Products.
(Base 10 logarithm of the formation constant of the
indicated substance, expressed as a function of v = T/1000
(in kilokelvins): log1gK = Ay + A/(A3 + t) + Aqt)

h Substance A A3 A, Ag
b 10 -2.256 23.248 0018 20133
o 02 -7.510 37 603 -0.008 -0.067
b Ti+ 4.082 -39.359 0079 0027
P o 4.593 6.108 0.030 ~0.067
h €o; 0.087 20642 0.001 -0.024
o H 3.132 ~12.016 0.019 0015
OH 0.769 -1969 -0.016 0015

H20 -3.056 13.305 0.014 -0.005
NO 0.710 -4.300 0.008 -0.009
_ o} 3.497 -13 439 0.010 0.006
ﬁ Ticq) -6.352 29.181 -0.002 0.019
e TiC {s) -8.124 33.929 -0003 0.118
= T -6.033 21383 -0060 -0.006
e Ti(s) ~7.550 24 361 0.000 0.165
. CN- 0.826 0.005 -z.418 0.047
CN 5.092 -22218 6012 -0.016

CoH 0,529 -24 269 -0.012 -0.043
N 7.060 -29 343 -0.000 -0.066
t A HCN 1.607 -6 807 -0.012 -0 008
7. HNCO -25.740 96.491 2.563 2862
s HCO 2.221 1.209 0.219 -0.060
- CH,0 -2.036 6770 0018 -0016
CoH; 2655 -11332 -0 016 0 000
. 3 10.850 41395 -0 016 0186
B o () 8512 42816 -0.050 0052
3 TIO (s) 11.560 50682 -0.009 0348
. Tiz03{) ~22.269 112 701 -0.054 0.030
. - Ti;03(s) -28.610 126.047 -0.007 0.607
Ti30s (1) -36.762 182554 -0.039 0.085
Ti305(s) -45523 200.007 -0.003 0984
Tio2 (1) -13912 66399 -0.042 0.042
Ti03 (s) -17.167 73 460 -0 003 0290
TIN (1) 5271 20.076 -0.672 -0.437
TiN (s) -12.371 41 581 -0 007 0196

Substances are gaseous unless otherwise specified.
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An initial approximation scheme is available wherein it is assumed that oxygen is
taken up in the order CO, TiO,, Ho0, COz. With insufficient oxygen to proceed beyond TiQ,
TiN is assumed. With excess carbon, TiC or C (solid) is assumed. Based on these
assumptions, initial values of all the master variables can be found and the computation may
be started. After the first computation in a series it is a mattar of operator choice whether to
repeat the initial approximation or to use the values of the inaster variables from the last run.

In any case, after convergence of the Newton’s method of calculation, tests are
performed for the presence or absence of each condensed phase. If a change from those
assumed has occurred the computation is rerun. This procedure continues until all the tests
are satisfied and no change in condensed phases is predicted. Further detail on the
computational method with a copy of the computer program is given in Appendixes A and B to
this report.

RESULTS

For all the systems studied the following were found: adiabatic temperatuve,
overpressure, and yield of each product in terms of moles and also as partial pressures for the
gaseous products. Total concentration (metal plus fuel) was varied regularly over the range
0.1 to 10 kg/m3 and the fuel-to-metal ratio likewise was varied over the range 0.1 to 10.

In Table 4 the following data are given for titanium plus air (in the absence of fuel):
overpressures (bars), adiabatic temperatures (K), and product yields, expressed as mole-
percent for the gases and total mole number for condensed phases. The composition of the
liquid oxide phase is given as x in the empirical formula TiOy (x ranging from 0 to 2).

TABLE 4. Combustion of Pure Titanium in Air:
Overpressure, Adiabatic Temperature, and Product Yield.

Property! Concentration, kg/m3
system
01 02 G4 10 20 40 | w00
Overpressure, bars 73 97 "z 14.3 iBd 263 493
Temperature, K 2602 | 3423 4024 | 4338 | 4393 |4542 | 4869
Mole-%:
Ar 105 108 107 | 095 076 | 056 ] 0.32
Ti . 001 | 7.22] 3008 |50.59 | 72.46
TiO . 012 1 486 [1742] 985 | S.22 2.15
1102 00t 008 ... . . .
NO 247 | S05 | 409 | 005 oM . ..
N2 8084 | 8146 18112 {7426 5959 [43.63 | 25.06
(o] 032§ 364 | 654 | 010l 001 | 0.0 .
02 1531} 864 | 223 . e
Liquid oxide:
Moles 2044} 277 455 11040 | 2055 (432 [1150
xin T:Oy 1991 179 {140 | 091} 057 | 031 012
9
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Table 5 gives overpressures in bars, with the temperature in parentheses, for the
titanium- air-fuel mixtures. Each portion of the table is devoted to a particular fuel, and the
fuels are arranged in decreasing order of oxygen balance, starting with the most oxygen-rich,
PETN, and ending with the most oxygen-deficient, hexane. In each case, C + M represents

R R - L I

: the total concentration in kilogram/meter3d, and C/M represents the mass ratio of fuel to
" metal. For each table entry a code indicates the condensed phases present; this code,
I described earlier, is also explained as a footnote to the table.
N TABLE 5. Overpressure (in bars), Adiabatic Temperature (in K) (in parentheses),
. and Condensed Phases for the Combustion of Titanium With Fuels in Air,
.
3 oM
: C+¥M
0.1 0.2 0.4 10 20 40 100
a. Fuel: PETN.
N 0.1 7.1 68 6.4 58 51 44 38
R (2496) (2803) {2249) (2004) (1743) (1527) (1344)
% L L L 8 B 8 8
0.2 96 9.5 9.3 89 . 8.2 75 67
(3318) (3228) {3095) (2832) {2564) (2286) (2041)
L L L L L L 8
- 0.4 19 121 122 121 1.8 15 10
g {3947} (3874) (3739) (3450) (3209) {2995) (2776)
q L L L L L L L
- 1.0 154 163 175 19.1 19.6 196 19.4
: (4363 (433%) {4253) (4033) (3788; (3554) (3349)
- L L L L L L L
- 20 | 207 226 256 297 316 323 324
(4438) (4486} {4549) (4349) @107 (3861) {3635)
L L L L L L L
40 313 - 353 a7 514 558 577 583
(45B6) (4639) (4743) (a674) {4390) {4116) (3865)
L L L L L L L
10.0 63.2 74.4 91.9 1210 132.1 136.4 1380
(4913) {a970) (5098) (5177) (8773) (8426) (8127)
L L L L L L L

L = liquid oxide, B = TiO (s).

10
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TABLE 5. (Contd.).

M
C+M
o0 | o2 | oa | 10 | 20 [ a0 | to0
b. Fuel: Nitrocellulose.
0.1 7.1 6.9 6.6 6.1 5.4 49 44
(2508) (2427) (2294) {2089) (1863) (1676) (1520)
L L L 8 8 8 8
02 9.6 9.5 9.4 9.1 87 8.2 7.6
(3322) (3244) (3125) (2903) (2696) (2488) (2285)
L L L L L L L
04 119 12.1 12.3 12.3 12.2 120 118
(3949) (3880) (3756) (3497} (3289) (3118) - | (2965)
L L L L L L L
1.0 15.4 16.4 17.7 19.4 20.2 204 204
(4347) (4324) {4246) (4045} (3829) (3625} (3451)
L L L L L L L
2.0 208 228 258 303 325 33.6 340
(4408) (4428) {4467) (4339) (4120) {3902) (3703)
L L L L L L L
a0 313 354 418 529 57.8 60.2 612
{4550) (4568) (4610) (4649) (4384) (4137) (3908)
L L L L L L L
10.0 63.0 739 91.2 1229 1379 143.0 1452
(9870) (a884) {4922) (5040) {4775) (443€) (4150)
L L L L L L L
¢. Fuel: HMX.
0.1 70 68 6.4 5.7 49 a3 36
(2492) (2396) (2238) (1977) (1706) (1481) {1290)
L L L 8 8 8 8
0.2 9.6 95 93 8.8 81 73 £.5
(3311) (3222) (3084) (2808) {2519) (2218) (1956,
L L L L L L B
0.4 1.9 12 12.2 121 11.8 114 10.7
(3944) (36A9) (3731) (3331) (317%) (2943) (2697)
L L L L L L L
10 15.4 163 1756 19.1 19.6 19.5 19.2
(4340) (4313) (4225) (3999) (3744) (3491) (3267)
L L L L L L L
20 208 227 25.7 299 17 322 320
(4396) (8406) (3429) (4287) (4032) (3765) (3514)
L L L L L L L
40 312 35.2 a1.4 52.1 6.2 575 574
(4536) {4540) (560) (8579) {4285) (3979) {3691)
L L L L L L L
100 62.8 733 89.9 119.9 133.7 135.7 1350
(4852) (4849) (4857) {4910) (4639) (4236) (3879)
L L L L L L L

L = hquid oxide, B = TiO3 /s).
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TABLE 5. (Contd.).

cM
C+M
o1 | o2 | o4 | w0 | 20 | a0 | r0s
d. Fuel: Pentolite.
0.1 74 6.9 66 6.1 5.5 5.0 45
(2510) (2431) (2301) (2102) (1881) (1698) (1545)
L L L B 8 8 8 ~
0.2 9.6 95 94 9.1 8.7 8.3 7.7
(3324) (3247) (3130) (2914) (2715) (2517) (2323)
L L L L L L L
0.4 119 12.1 123 123 | 122 12.1 18
(3951) (3883) (3762) (3505) (3297) (3130) (2983)
L L L L L L L
10 15.4 16.4 176 194 | 201 203 203
(4334) (4313) (4236) (4037) (3822) (3613) (3432)
L L L L L L L
20 20.7 226 256 30.3 32.5 33.4 336
{4385) (4384) (4389) (a311) (4091) (3863) (3647)
L L L L L L L
a0 31. 35.0 411 52.0 57.8 59.8 60.3
(4523) (4514) (4508) 4517) {4343) (a071) (3811)
L L L L L L L
10.0 62.3 72.4 88.3 17.3 137.8 1421 142.1
(4839) (4822) (4800) (4778) (4710} (4345) (4000)
L L L L L L L
e, Fuel: Comp 8.
0.1 7.1 6.9 X3 60 53 47 4.2
(2503) (2418) (2277) (2056) (1817) (1618) (1452)
L L L B 8 8 B
0.2 96 9.5 9.4 9.0 BS 7.9 73
(3319) {3238) (3113) {2876) (2648) (2414) (2188}
L L L L L L L
0.4 119 121 123 12.3 121 1.8 "Ms
(3948) (3877) (3750) (3477) (3252) (30€5) (2893}
L L L L L L L
1.0 155 16.4 17.7 19.3 200 200 9.9
(4326) {4302) (4220) (4009) (3776) (3546) (3344)
L L L L L L L
20 208 227 256 0.3 32.2 32.8 32.7
{4373) (4362) (4350) (4270) {4029} (3771} {3520)
L L L L L L L
30 311 350 209 51.4 57.4 58.6 58.2
(4509) (4488) (4460) (4421) (8268) (3949) (3632)
L L L L L L L
10.0 62.2 722 87.5 114.9 135.4 139.0 1356 v
(4822) (8791) (4743) (4655) (4567) (8187 (3756)
L L L L L L L
L w» liquid oxide, B = TiO (s). .
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TABLE 5. (Contd.).

_ ciM
: C+M
. o0 | 02 | o0& | 10 20 a0 | 100
| » f. Fuel: TNT.
[
0.1 7.1 7.0 6.7 6.2 59 55 5.1
- (2524) (2459) (2352) {21a7) (2013) (1862) (1736)
L L L L 8 B B
02 9.6 96 95 9.3 9.1 8.9 8.6
| @339 (3265) (3163) (2982) (2832) (2695) (2565)
L L Lo L t L L
04 120 122 12.4 126 125 124 123
(3954) (3891) (3780) (3547) (3355) {3205) (3082)
L L L L L L L
10 155 16.4 17.8 19.6 204 205 202
(4298) (4264) (4195) (3995) (3776) (3537 (3292)
L L L L L L L
20 207 25 252 295 323 333 3138
(4331) (4281) (8201) (4037) (3874) (3641) (3252)
L L L L L L L
40 308 343 39.4 48.1 53.6 56.1 54.8
(863) (8404) (4352) (4194) (3979) (3682) (3259)
L a L L <8 L <
10.0 60.7 69.2 82.7 106 0 1207 126.2 1223
(@812) @791) (4732) (4531) (4244) (3633) (3286)
o CL L CL CL L cL
g. Fuel: Hydrazine.
01 72 71 6.9 66 6" 58 5.4
(2510) (2437) (2320) (2143) (1961 (1809) (1684)
L L L 8 B B 8
02 97 98 9.9 100 99 9.7 94
(3303) (3227) (3118) (2021) (73 (2589) (2a36)
L L L L L L L
04 123 127 133 140 142 140 138
(3899 (3805) (3659) (3288) (3141) (2895) (2644)
L L L L L L L
10 17.0 18.8 2.2 23.4 228 20.8 183
(4277) (4146) (3982) (35553) (3009) (2457) (1979)
L t L L L L a
20 234 270 320 390 391 299 28.2
(3042 (2047) (1739)
L A AB
709 553 437
(3101) (2062) (1843)
NL NL AB
1650 1303 93.1
(4650) (482) (4374) (3927) (3148) (2068) {1291)
L L NL NL NL NL AN

13

" (4252) (8152 (3991) (3626)
L L L L
40 36.2 433 $3.4 68.0
(4373) (4248) (4104) (3735)
L L NL NL
- 100 756 938 1199 1579

L = liquidoxide, A = TizCg(s). B = TiIO2(s), C = TW(,N = TN
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|
i: TABLE5. (Contd.).
: CciM
I C+M
s o | 02 | o0a | 10 | 20 [ a0 | 100
: h. Fuel: Ethylene oxide. ’
K 0.1 73 7.4 75 7.8 78 79 79
. (2580) (2568) (2551) {2523) (2502) (2487) (2475)
‘I L L L L L L L N
. 0.2 98 10.0 10.2 10.6 10.9 110 1.2
‘ (3354) (3314) (3261) {3175) (3103 {3034) (2963)
L L L L L L L
0.4 123 12.8 13.4 14.3 145 14.2 13.7
(3929) (3857) (3743) (3502) (3246) {2975) 2711)
L L L L L L L
1.0 16.6 18.2 203 227 235 224 189
(8138) (4983) {3903) (3551) (3220) {2760) (2164)
L t L cL LN N G
20 226 25.4 29.3 35.0 373 32.8 296
{4207) {4085) {3984) {3676) (3252) (2578) {2133)
L a c L L G <G
40 341 39.6 479 59.9 626 570 51.1
{4374) (4318) {4204) (3820) (3268) (2612) (2115)
c o a a < G G
100 68.9 83.3 105 1 136.2 136.8 1298 1158
{a741) (46786) (4535) (6022) (3259) (2648) (2107)
L cL L L C CG G
i. Fuel: Carbon.
01 7.4 75 76 78 7.9 80 8.1
(2616) (2627) (2643) (2667) (2678) (2678) (2671)
t L L L L L t
0.2 9.8 99 100 102 39 90 78
(3804) (3386) (3350) (3241) {3038) (2657) (2260)
L L L L L L L ~
04 12.1 122 126 121 10.5 84 70 S
(3979) (3929) {3792) (3336) {2821) (2305) (1960) ~
L L L N 6 ] GN G
10 152 15.3 15.2 138 12 80 58 o
(4067) (3908) (3804) (3588) (3010) (2221) (1709) |
L c L G ] €4] GN —
20 19.2 191 200 15.0 ny 7.8 51
(4168) (8126) (4473) {3788) (3128) {2170) (1558)
c L C G G ] GN
40 265 261 235 16.4 121 77 38
(4414) (4375) (4716) {3962) (3212) (2135) (1a21)
L L C G G ] AGN
10.0 48.2 478 36.4 18.9 123 76 2.4 .
{4792) (5133) {5014) (8165) (3276) {2110) {1365)
L C C G G G AGN

L = hquid oxida, C = TIC, G = graphite, N = TIN, A = Ti304 (s)
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hexane and the oxygen-rich nitrocellulese.

T TABLE 5. (Contd.).
! oM
io. C+M
| 0.1 0.2 | 04 1.0 20 4.0 10.0
j» Fuel: Hexane.
: ' 0. 76 7.8 8.2 89 9.3 9.6 9.6
i (2650} (2691) {2749) (2824) (2850) (2833) (2771)
- L L L L L L L
i 0.2 101 10.4 108 1.4 1.0 101 93
. (3387) (3373) (3336) (3127) @7sn (23491) (2082)
. \ L L L L L L
. 04 12.7 13.4 14.4 187 127 108 9.1
. (3902) (3794) (3572) (3037) (2359) (1925) {1552)
5 L L L LN CN GN GN
[I .0 174 189 208 20.2 177 153 126
'.". {4005) (380%) (3629) (20826) (2184) (1760) (1377)
N L CLN CLN C <G GN ABG
T 20 236 26.6 307 305 273 233 19.2
. (4075) (3872) (3740) (2891} (2162) (1674) (1297)
o CL CL CL G <G GN 8G
i 40 35.8 423 52.2 51.3 465 394 319
: (4293) {8177) (1042) (2951) (2151) (1622) {1205)
o L CL C cG G GN 8G
100 738 90 2 nis 13,7 104.3 88 2 64.2
(4623) {a481) (a276) (3009) {2148) (1586) (1025)
L CL e cG G GN BGN
l L = hquid oxide, A = T1305(s), B » Ti3045(s), C = T, G = graphite, N = TN
InTablo 6 is given the sot of product yields for TNT-titanium-air at C/M = 1,0, chosen
"." us representative. Mole-poreent in the vapor is given {or cach species that reaches at least
= 0.1% at yome point. Numbers of moles uf condensed phases are also given. As with Tuble 4,
‘ the composition of the liquid oxide phase is given as x in the empirical formula TiOy.
¥
= Produci-yicld data are available for all the systems run but have not been included in
this report due to the bulk of data involved, They are available from the author.
"
L
: DISCUSSION
> Figure 1 shows the effoct of total concentration (C + M) on udiabatic temperaturo for
'." v pure titanium in air as well as for two representative C/M ratios for the oxygen-deficient
and
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TABLE 6. Combustion of TNT-Titanium in Air at C/M = 1.0:
Overpressure, Adiabatic Temperature, and Product Yields.

PSS -\ BFRPLIBNLPRVANY G
IJ
']

i Property/ C+ M, kgim3
system
o 0.1 0.2 0.4 1.0 20 4.0 10.0 -
Overpressure, bais | 5.2 93 125 19.6 295 48.1 106.0
Temperature, K 2147 2982 3547 3995 4037 4194 4531
Mole %:
Ar 0.99 0.97 0.88 0.65 0.44 0.29 0.14
Ti AN 0.03 4.47 6.80 7.84
TiO 0.31 4.2% 3.22 2.41 2.57
TiOg " 0.02 0.02 . .
P T+ ‘ .. . - 001 0.01
' co 0.01 1.82 .9.79 24 20 33.46 37.91 40.95
CQz 378 558 3.62 0.62 . -~
H N 0.14 1.53 7.02 885 10.01 12.30
OH 0.08 1.02 2.19 091 001 . 0.01
Hj .. 0.09 0.74 403 7.65 10.06 12.22
H20 131 1.97 " 219 0.87 00! 001 0.01
NO 099 3.08 3.14 .62 .
N2 77.86 7558 69 80 55.73 a1 7: 3112 21.69
o 0.03 0.98 2.66 089
(o5] 14.94 878 3.13 0.08 .
CN- .. 0.01 0.01
CN 0094 0.28 0 46
M 001 0.06 0.20
N . 002 0.06
HCN n3a 097 152
HNCO . oo
HCO 0.01 oo 0.03 006
CoH2 003 0.11
Liquid oxide.
Moles 1.04 170 2.58 6.48 1388 22 60 45.39
X 10 Tiy 2.00 1.94 1.69 1.18 Q.72 057 056
Moles TiC () 617 29.86

The behavior of the pure metal is quite unlike that previously seen for aluminum
(where @ maximum in 'T' versus C + M occurred at approximately the AlyOy stoichiometry,
see Refl. 4). With titanium there is a steady increase in temperature with concentration, the .
result of the existence of a number of oxides, the formation of each being an exothermic
process. Again, whercas aluminum showed formation of AIN at high concentrations, TiN
does not form here as a product owing to the lesser high-temperature stability of TiN. The
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curves for the explosive (relatively oxygen-rich) fuels are very similar to those for the metal
alone.

With the oxygen-deficient fuels, first TilN and then TiC and graphite appear as
products in the carbon-rich region. These tend to cause a falling off of temperature, as is seen
in the case of hexane in Figure 1.

Figure 2 shows the strong effect of total concentration on overpressure. Nitrocellulose
has been chosen as representative; all the fuels (except carbon) show a similar pattern. The
large increase in number of moles of gaseous products combined with a much legss profound
change in temperature (Figure 1) is responsible for the menotonic increase in pressure.

The effect of C/M on temperature is shown in Figure 3. In general, titanium has a
higher heating value than any of the fuels used; hence, there is a generally observed decrease
in temperature as titanium is replaced by fuel. At high concentrations with oxygen-rich
fuels, the oxygen supplied by the fuel causes the temperature to rise at first, resulting in a
shallow maximum in the curve. The eonsiderable break downward in the curves for hexane
again corresponds to the production of TiC and graphite.

Commonly, overpressure increases with C/M, as seen in Figure 4, owing to the

increase in number of moles of gases (CO + Hs) as titanium is replaced by fuel. 'I‘he,

maximum seen with hexane reflects the sharp drop in temperature, referred to above.

The nature of the fuel has little effcet on the adiabatic temperature for the oxygen-
rich fuels. For the oxygen-deficient fuels there is a general increase in temperature as the
oxygen balance increases (becomes less negative), as is shown in Figure 5, presumably due to
relieving the oxygen lack. Pressure is surprisingly insensitive to the nature of the fuel,
except for the case of carbon which shows higher temperatures and markedly lowet pressures
as a result of a much smaller quantity of gaseous product than with the hydrogen-containing
fuels. Carbon also shows a very different set of products from those represented in Table 6.
With carbon at high concentrations are seen large amounts of CN, C3N and C3 and even
geveral tenths mole-percent of the ions as a result of the high temperatures experienced,
combined with the absence of hydrogen.

APPROXIMATIONS

Athow has examined!} the ideal-gas approximation for computation on internal
explosions in the presence of the reactive metal aluminum. In those systems it appears that
the only gas below its critical temperature is aluminum vapor; and for aluminum? the
reduced pressure can be geen not to exceed 104 and the reduced volume not to be less than
200 so that no appreciable deviation from ideality should occur. [t is anticipated that the
same conclusions can be made regarding the titanium systems, although no estimates of the
critical properties have been made and thus no estimates of errors attempted.

11 L. K. Athow, "Real Gas Consideratians for Determining Physical und Thermodynamic Propertios of
Guses Involved in the Prediction of the Effects of Internul Explosions.” M. 8. Thesis, Naval Postgraduate School,,
Monterey, Calif.,, June 1982,
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It was pointed out by Smith!® that radiation effests should be negligible when
detonation takes place. When the combustion is a deflagration, however, the adiabatic
assumption is expected to be less reliable. A comparison of the experim~utal data on dust
explusions reported by the Bureau of Mines!3 would seem to show that the computed results
from the present report may be high by a factor of about two. It has, however, been pointed
out by Baker et al.14 that the Hartmann apparatug used by the Bureau of Mines investigators
seriously underestimates the maximum overpressures to be expected. On this basis it is
anticipated that the adiabatic results will show much less extreme negative departures from
realistic maximumoverpressures.’

vt usmeme e

12 D, E. Smith, "Attenuation Ef¥ects of Thermal Radiation on Internal Blast Overpressure.” M. 8. Thesis,
Naval Poutgndu.lu School, Monterey, Calif., Decembar 1979,

13 Burawu of Mines. Explosibility of Metal Powdars, by M. Jacobson, A. R. Cooper and J. Nagy. U.S.
Department of Interior, Washington, D.C., 1964. (RI1 6616, publication UNCLASSIFIED.)

14 W_E. Baker, P. A. Cox, P. 8. Westine, J. J. Kulesz, and R. A. Strehlow. Explosion Hazards and
Evaluation. Amsterdgm, Elsevier, 1982, pp. 260-61,
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Appendix A
DESCRIPTION OF THE COMPUTER PROGRAM

The program itself, which is listed in Appendix B, is written for the HP 9845A
computer. Various sections are referred to by their labeis.

MAIN PROGRAM

Input Section

Fuel (accessible from line 1900). Enter formula and internal energy of formation.
Computes formula mass; allows for zero C or H or ne fuel. Resets flags.

Conc (accessible from line 1870). Resets counters. Enter C + M (total concentration
in kg/m3) and then C/M, as asked for.

Temp (for entering total temperature manually). May be accessed by use of special
functien key k4. After at least two trials, Temp may be bypassed and interpolation used to
find the new temperature. Pressing k5, sc that At$ = “Y”, after two iterations allows for
automatic interpolation. If needed, the automatic interpolation may be stopped by pressing

PAUSE, then k5 (which returns At§ to "N™), and finally k4 for manual setting of
temperature. .

Computation Section
Calc calls up the computational subroutines Eq, Tical, and Ex.

Eq is a subroutine of the main program to evaluate equilibrium constants of
formation of each of the 40 chemical species. K, is first computed from the stored parameters
and then converted to K,, (expressed in mole numbers). Ky, or K, is defined as the ratio of the
activity of the species to the product of the activities of C, Ti vapor, Hg, N9, and Oy, each raised
to the appropriate power. For TigQj5 and Tiz0;, VK, is computed s as to avoid overflow at
lower temperatures. For condensed phases, the standard state is the pure phase; for K, the
standard state for gases is 1 mole (in 1 m3).

Tical is the master subroutine which carries out equilibrium and energy calculations.
Results are displayed as "dU” (net) and *T high” or "T low”; dU = 0 is desired for convergence.
A new temperature approximation is performed automatically by interpolation, based on the

previous T and dU values; or eise it is entered manually with k4. A more detailed description
of Tical will be found below.
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Output

At Ex, results of the calculations are printed: temperature, overpressure, mole
numbers of all products and the diagnostic features described under DIAGNOSTICS, below.
Options are allowed at this point for changing C/M, C + M or for a new fuel.

SUBROUTINE TICAL

Tical is the major computational subroutine whose task is to find the numbers of
moles of the products present at equilibrium at the selected temperature. The conditions to be
satisfied (other than for the trivial case of argon) are the atom balanees in C, H, N, O, and Ti
and the establishment of chemical equilibrium between each compound and its component
elements in their reference states.

The master variables (all in mole numbers) are X = VOg, Y = \/I_*l_z, Z = VNy,
Acc = activivy of carbon (standard state = graphite), and Ti = Ti metal vapor. Of these, Y is
always computed in closed form; from one to four of the remaining are found as unknown
parameters in the subroutine Newt by using the Newton-Raphson method. The actual
number of unknowns is equal to four, reduced by the number of condensed phases present.
Pogsible condensed phases are: Ti (solid), TiO (solid), TigO3 (solid), Ti3Oy (solid), TiOg (solid),
liquid oxide solution (designated Lox in the program), C (solid), TiC (solid or liquid), TiN
(solid or liquid). The presence of each condensed phase is indicated by a flag, to be set as
desgcribed under Flags.

Based on the values of the master variables and the equilibrium constant of
formation, the mole number of each species is computed. Then the material balance in the
elements O, N, C, and T} is written in terms of these mole numbers. When liquid oxide is
present, the stoichiometric condition is that the sum of the activities (that is, mole-fractions)
of the components of the solution should add to unity; this condition replaces the atom balance
in titanium for this case. There thus results a set of up to four simultaneous nonlinear
equations; this set'is the basis of the Newton-Raphson scheme to find the unknown
parameters.

At the conclusion of an iteration, the newly generated values of the master variables
are used to repeat the calculations. In favorable sitnativns, each iteration results in
improvement (although temporary divergence sometimes occurs). Iteration is repeated until
the stoichiometric errors are less than one part in ten thousand.

Newt solves the set of simultaneous nonlinear equations needed to find the master
variables. The Newton-Raphson method is used. In this subroutine it is necessary to find a
number of derivatives numerically by observing the effect of a fractional change in each
variable. This fractional change is set initially at 0.1. It is found that divergences which
would otherwise occur when the errory are large can be averted by altering this fractional
change to 0.5. This is accomplished by the use of special function key k8, when the computer
is in a pause meode or is waiting for input. Depressing k8 a second time will change the
fraction back to 0.1. The fractional errors in the stoichiometric conditions may be observed by
the use of k1 (TRACE VARIABLES Yn{*YEXECUTE) after which will be displayed Y(1),
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Y(2), etc., which are these fractional errors. The display of these will romain on the screen if

i PRT ALL is locked down.

:;f Approx: To bogin the calculation an initial approximation of the master variables is
i needed. In this approximation an arbitrary hierarchy of oxygen and nitrogen uptake is
‘ - assumed. Oxygen is assumed to be taken up in the order CO, titanium oxides, H20, CO If

. there is insufficient oxygen to form TiO, then TiN is assumed to be present. With excess C,
. C (solid) or TiC are assumed.

s It has been found that Approzx gives quite satisfactory values of the master variables
at temperatures below about 3000 K; at higher temperatures the initial approximation may
’ be in considerable error. After each entry into Temp the question is asked, “Do you want
‘Approx'?”. The default condition (obtained by pressing CONT) is “Y” for a new concentration
(C/M or C + M) and "N" otherwise.

Flags sets the flags for condensed phases and gives the values of the temporary
variables used in Newt. The criteria for the presence of a condensed phase are that the
quantity of the phase, if previously computed, be nonnegative and that the formation constant
be satisfied or excceded. In the case of liquid oxide, the formation-constant requirement is
replaced by the requirement that the temperature be above the melting-point curve (T =
2143 is used for simplicity; see text for discussion of this point) and that the sum of the
activities of the components of the solution be no less than unity.

Two important indexus are set by Flags. liflag gives the number of metal-plus-oxide
phases (no greater than two); for liquid oxide solution, liflag = 1 except that, when TiC,
C (solid), and liquid oxide are all present, liflag = 0. The index li gives the number of
unknowns to be sought in Newt. Finally Flags gives initial values of the variables to be used
in Newt.

Fx gives the fitting functions for Newt. There are three branches, depending on the
value of liflag. Certain of the master variables are computed in Fx. After Diff is called, the
current mole numbers of all species are generated. The subroutine returns to Newt the
variable Fx, which is the fractional error in the stoichiometry in whichever element Newt is
considering at the time. .

Diff first computes those master variables which were not found in Fx. Then Spec
and Oxides are called to compute the moie numbers of all species, and finally the errors in
stoichiometry for all elements (and the sura of activities when liquid oxide is present) are
computed.

Spec computes the mole numbers of all gaseous species, given the current values of X,
%, Acc,and Ti. Y = VHj is computed in closed form in Spec; it is needed for computations on
hydrogen-containing species. For each species the appropriate formation equilibrium
constant is used.

Oxides computes the mole numbers of condensed metal and oxide phases. For two
such phases (liftag = 2) the atom balance conditions for titanium and oxygen are used; for
liflag = 1, only the titanium balance is used,; for liflag = 0 the oxygen balance is used. e
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Nwl1 serves to route the computation to the proper portions of Tical. On first entry,
the flags will have been set and control is sent to Newt; except, if Ii = 0, provision exists for a
clased-form solution. In either case, Flags is calied again. If any flag has changed, the
computation must be repected for the new set of condensed phases; othorwise preparation is
made for exit from Tical at the line Energy.

© el

2t

a2
s "

l : Energy computes from the stored parameters the molar internal energy of each
‘ component. and then tho total change in internal energy (dU) from tho starting materials,
B taking into account the mole numbers of each species present. If the system is at the melting
B point of any of the condensed phuses present, the amounts of solid und liquid are computed
N from the energy balance, using the known energy of fusion. Control is then returned to the

l main program.

'.';11 DIAGNOSTICS

Suml is cailed at the end of each run to report the following itemu: (1) a check on the
oy matoerial balance of cuch element; (2) the activity of curbon (Ace) und the sum of the activities
Y of the components of the liquid oxide solution; (3) u compurison of the computed amounts with

the equilibriun conutants of forination for each condensed phase; und (4) the uctivities (mole-
fractions) of ouch component in the liquid oxide solution.

Suyn is callod whenever speciul function key kO has been depressed once. At vach
omergonce from Newt the mole numbers of all species ure presented in condenyed form: this 1y
followed by Suml, the output of which has been just described. These chocks are of partleular
interest in troublushooting. Depressing k0 a second timu will cuncel calling up Sum.

Deoprossing k1 will cause exocution of TRACE VARIABLES Yn(*). Then during euch
‘ jtoration in Newt the relative error functions used to test convergence will be displuyed.
Buch Yn(*) must drop below 0.0001 for convergence. This feature muy be turned off by
exccuting NORMAL.

- . - wde PeVui ok whe ia b
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Appendix B
- PROGRAM LISTING FOR “TIF4”
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W LiaL.fioy
4438 LulJ-Loxsluq
b B v
[
Wi Foria
4“7 FHaf lagd
4480 FADF LogA
449§ Tl%-ﬂcﬂq
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4590 {%uﬂll(TL‘KH)g:lE-‘a\l(Mt)101

=(Ti¥ M=4E-S)R(Ti{)=D)
el

in
453 Fln*?l(Tll’XgS*!X)ll dN-AE-9IH(12) )
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Flu% iﬂc Til + Tid =) €+ Ti2
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A Tiflan = § fer Luan but § For LoxFlng
4980 IF T1flag)2 THEN Flal
%9'%% Il=4 hf q ~Tlnflna xcfluq Cflog! Nuwber of warinbles in *Newt®
5048 RENH V(n h) )
Stz0 Follow:ng sets values of variables 1n “Newr®
5030 IF NOT Tunflog THEN Xa(il'sl ]
5044 IF NOY hnflu AND NOT Cflu AND NOT TucFlag THEN Xn(1i-1)=hcc :
5050 If Tmflu? oY Cfln; NOT Ticflag THEN Xnili)=Acc
S06§ IF Ixfluq 2 THEN Xn({)= T
70 IF (1iflag=i) AND hnflu AND NOT Fluqﬁ AND K0T Lomcu AND NOT Lflag THEN Xnl{)sTy1 HERY
580 1F (hﬂqq 0) AND NOT (C¥laa AND Ticflag) THEN Xn(2)« I
5094 RETURN RN
Sieg | The var jables are X +if no more *hun one oxide sr metal), '
oS40 ! To €1 no oxide or metel) aond 2 {1f TiN is nbsent). e
£120 | Frcaption: When TiN and ane solid eyide, but ne metal or liquid axide A

5430 ¢ oresent then Ti (and nat X) is firet yarigble,



W T e XY T T .

:

Y XY,

S

211 Fluqix%cur‘l{;-F‘lS%rgm-hc ! .

i it Wt EYuqn % K} Frogs Toey 130
17 IF NOYT Flagd AMD NOT Flogd THEM F13b
5180 IF NOT Flagd MD NOT Floygé THEN Flic
9190 IF Ocon)Tcon THEN Fla

S2M) Flagd=flagi={
Sed F luaZs[ 1013# lagé=0

odeh G0TU Tige
G230 Fla: Flagl=d

sS40 (70 Flée
522 Fle: |

[ : IF NOT Flagd THEN Flda
€270 Flie: |

5280 Flag=(0con) Tcon?

Sa9 Fluaonﬂm Flege
oM r 0 1t

032 Fla {=Flagd=(
533 Flnq:S-(Bcln)i ngcon)

5340 Flaai-
5351 GUTQ Tiset

S360 Fldu: | )

637 IF Gcons=4 . S#Tcon THEN F13b
§$B lagi=d

5390 Flig: *

o4l Fluq4=(0un)sﬂcm/3)

5410 Flag2aNOT Fluql

G070 Tise

SHl R itidiiitite

5440 Fx.! IRRENREE  Fitting functions for Newton's
%%2 Tk sessatasrsisnits
547 !

sS40 !
G494 |

5500 |
9540 1

5520 IF NOT Tanflag THEN ZaXt(Ii)
553 [F NOT Yinfln A D NOT Cfld% AND NOT
5540 IF Tinflag AND NOT Cflag AN
5;.;50 N Liflagh GOTO Fxd,Fa) Fx

60
9578 Fuut,

)
5699 F(:
5700
§718
5720
573t

GOEUB DLff

NOT Ticflag TH

NWC TP 6544

The cuse of 1iflag)2, which us disalluwed

The case of 1iflayst

For Iiflog =&

Flags 04,2

Flags 1,2.3

Iiflag =4, Flagd = 0

Flags 2,3,4

unmmmtummmumtmmnmmmmummmu
S

methed calc,

uumummmmmmmxmxmmmntmu

*Fx* comoutes errors in stoichimmetric conditions for
evisiting values of varinbles,

Fmds appropriate values of master variables

Calls on *Yoec® *o conoute moles of all species

Xt(j} s used, since both orlgiral value of varimble
and value changed by D1t are amployed.

Tu.flug THEN Acc=Xt(I:~1)
N Acc=Xt{IL)

Exit routine for “Fx*

Following are steschiometric conditiung to ute 1n "Newt™

IF (1=1) AND (Iiflag(l) THEN Fy=Do/Nog
IF (1xy) AND (hhagﬂ) AND Tinflag AND NOT Lflua AND NOY FlagQ THEW Fx=Dti/Nti

1F Loxflag AMD ((!=
Ir (1a2) Tg NaT 1:f20p aND KOT Lf1a
15 VBT Tintng D105 Tl F oDl e

2) OR (1=1) AND Cflu

ND Ticflaq) THEN Me=Atsus-1i
FerDti/N1L

IF NOT Tmf‘lng AND NGT Cflng AND NOT Tltflua AND (I=[1-1) THE4 Frshedc/Ne

lrlefloq AN
REiuag .
X=Xt(1}1

HOT Cflag AN

IF NOT (Cflng AND Ticflag) THEN Ti=N(3}=Xt{2)

NOT Ticfleg AN

{I=11) THEM Fx=Delc/Nc
The smchxunemc teste corresnond unh the vareables,
Rarurns to "Hewt' (or to “Mw® for Ii=0)

For 11flag=0

IF Lfluz AND Tchluq THEN TisN(1)=8/Ktic
o

If NOT

GU

xflag THEN Fout

5740 F
57501 "ﬂ!ﬂnﬂll!ll!‘tt!l!tltlnllil!lll!"llt!!l!!!!!!!'!!“!!!!l"l!!"!!!

Livee activities in liquid

oxlde RERAXARBREIMTERERLANRRY

5760 Act:! FRUKSAEREK
5770 1 mmmzmmmuuummxmnmmmmumnmmmummx

Activity of metal in liouid oxrde )
Following are activities of oxides in liguid oride

é?Bl AthsKt a1,

794 1

Sa At {=K18TI8X

S840 At2aTIATLEXRYEKS

9820 M3'TlthﬂLﬂleXleXlﬂlKZhHlnq("‘
5930 AtA=K4XT ¥,

S840 AtsuntAtMM1*M2+M3+AH

5454 RETURN

SB60 | BRBSESKANKERRERRERBRRERRARAERIRKRRRERRLEURERNIRRARLERNEERRIGERTNININLG

FPN
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- Sg70 Frist . For liflog =4
S48k IF Tinflag AkD NOT Flagl AND NOT Lflng THRN Frie ot
S8 X=Xt(i)
S961 IF NOT Lflag THEN Fxib
91t For Lflog=L, s0lves g cybje to find Ti = f(X)
S Hust scnsfy sun of activities =1
- 3930 AS--UKSIK:{/K/X/X X/%
S840 (Kui-KHXM(“XtX)lﬂI . .
5950 M--th XSKOOKPBAT | Loeff. of cubic (Unit coeff. for zubic term.)
5960 (BMHi
597 Br" mzmm-mmz)mm ! Reduced cubic. lacks quadratric.
980 Dc-BrtBr.‘ﬂArtdrl Discrininant of the cebic
994 IF De(af THEN Fxlc
6900 Riz-By /24508 (% . :
eh il R1=SGN(Rt)t(SGN(Ri)tR1) (4/3) | Avoids cube roots of negative ne.
b1 Re=-Br/2-§l
?ﬁa x2:§GN(R2)t(SGWR2)tR2)‘(1/3) The ool . ¢ the redveed
¢ onlv real reat of the reduced eqn.
4158 TisN Lo i
hled i)0 THEH Fyy
4070 Fric. IF Lfloq THEN Tx-N(i)-Fmd(XRXh!KZ!K2,!(u*KiiX+K4tXtX -1)
6080 ! In case cubic had nagative roo?
6494 Liz2
100 COTD Foyt
140 Fyib:
bl IF Flagh THEN Tu=N({)=i/ti
6130 IF Flagl THEN TisR{{)={/ xux
b4l If quq'e THEN Ti=N{1)={/%2/X g
150 IF Flagd THEN n=N(1)=(i/k3/X/ /SR N2/
biah IF Flagd THEN Ti=R())={/K4/X/X
b17 NOT ™ (Cflag Ticflag) THEN Fout
6180 IsXt(})) Case of TiC + graphite + T(203
b190 TisN(4)=1 /Ktic
5200 X=(4/K2/Ti)*(2/3)
ggé’g Fxi GUTS“:U{ | Fer Till
28 Felar  TisN(i)= er Till + 972 oxide
630 IF Flaal THEN X=1 /K1 /70
k2Ad IF Flag2 THEN X=(4/K2/TD)*(2/1)
625 IF Flagd THEN Y=(3/K3/T1/5GR(Ti)1*.4
b2 IF Fluq4 TH[N X=50R(1/K4/1§)
fyo L
bR M2 IF NOT (nuqe AND Flagt) THEN Fica
430 TA-N(!H ki } Ti - TiD regimn
634 l
632 GDTU
gﬁ Fxda: IF&% (Fluai AND Flog2) THEN Fa2b 0 - Ti20
M X4 10 - Ti20Z region
435 LN ALY %
L3680 6010 fou
2:;5'70 fydb: }F(:g} (Flng? AND Hugl) THEN Fy2e
Y 2 11303 - 11209 reqi
639 ity 1/K2/X/SQR(X\ egten
4408 GOTO ¢
o410 Mx2c: IfF NOT (Flu? AND Flagd) THEN Fx2d
&% $=K3/%4
4 Ti=h! n-uwx
b4 G0OTO Fow
5458 Fx2d: IF MOT (erie AND Flagd) THEN Fx2e
40 A=K 2/KA8
547 TizN{1) =1 /XA/X/X
4480 R070 Fout
L4980 Fxde: IF Cflag AND Flagi AND NOT Ticflag THEN Alert?
St Tizg /Kt
bo10 X-i/Ki/h
6520 G010 Fout !

37 By
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4330 ¢ lltllttllll!ltltlﬁlttttlll!llllii!tl!l!l!l!ttlt!ttttllllllltllllllilllllﬁl
égs “ otlcylates errar fenctions ¢ sxied
[} H i’lllll ill!llllliil!llilll!ll!33lll!1lltlillil!‘l!llltlllll!lltlllllit

656! Dif
IF Tinflag THEN Z=1/7i/Kt:n
bSBO IF Tic7laq THEN Acc=i/TisKtic
6594 G0SIR Spec
bo0b Tin=(ﬂnc-ﬂo-.lﬂt)I1An€1a?
btil Tic=iNzc-Co-Co2)8Ticflag Nac and Nec are cornected moles of W gr
6620 ! Q1OAS 43 98N :n *Spac

(X ] Ne44) 2T ine{T( 7220,

6640 N(43)=T in-N(M)

858 NCCO)FLcR(T(3290)

bhhl N(19)=Tic-N(2D)

5678 - GOSUB Dxides ! GIVES OXIDES AND HETALS

6681 Deishti-FStL-Tun-Tuc-Her-F Nlcua
8o98 bu-Ncu~FNJe-Tli 3xTL ~987:3-207i4
6700 DelnsNnc-No=28N2-Tir

6748 IF Cflng AND Tltilcq THEW TaczbtirTyg
6720 Deic=Mcc-Ce-Con-Tic

6730 Gr=N( 3)=Delc#CFlage(AC)IE-1R)

6749 RETURN

6758

4764 1 llll!tllttltlttlllttilllllilxlltlt!lliltltllllttlllttlltlt!it!tll&lltlttltt

£770 | SRERRERSENRSXANE  Cowpwtes moles of nll gasedvs species EEEABYRLIR S

4788 llll!ltltt!lttttllttltltlltl(tllilllttttl lttltlttltlltilll!!lltllt!tt%ll%
-

M Spec:! Inpyt
5808 G2aN(18) X" 2
5810 D178 (17
5820 Tioan(2)=K{2) 4T 14X
830 T103=N(3V=K (T, RX¥X
bB40 Nit !
6850 NoaN(§pi=2"2
hB60 No=Nf {5)=K({5)XXx2
4870 Moou=i42)aK (42V0hg v3X
6880 Car: F ff.ugxi THEN Acc=y
SE70 I¥ Ac=1k-10 THEN Acc AE-J0 1 Fa» fye:s with no carinn
6900 uolh'7)-k(7 KRecdy
b¥10 Ca2=R(BV=K (G EACIIARY
920 Bh=k (91 (A BXACCH (K (2P MRZHK (3D AT ea L JA 024 Doy VhecHAr
fgg% ' Dh=t 3K 12 4K (12) KACC RV K (33 kA c b4 et °; 3°;“h"“r'atn e
¢ h21 4K XK T2) BACe JidAcchAce Cuaaéfiogent of dibvdragen species
2950 Y=rNQg{2¥Dh Mh ,-Kh? e v
av60 HaNi ok (9)8Y
[EAL Oh=h(y =K/ 40 aA21
w980 H2=N( 11 ) sTRY
6990 H2o= {12 =KL 2)EXRYIY
7069 Hon=NI29 12K (29 %Acc YN ]
2040 Hneo =R 28) =K {39) BAcclY YU
7020 Heo=NL34) =K1 21 ) KACCRNYY
7030 ch2o=N{(32)= K(JE‘lncCIXXY!Y
"44( Seh2=N133) =X {33 RAcc YAty
7050 TLD'N(4)-Cnn'N(24) SOR(K(A)IK(‘Q)ITltA:ctl\
7050 Cn=N(2%) =K (25)¥AccH?
276 C2n=(26)=K (28 ¥hcchhrc et/
080 Can=N(27)=K (37)¥AccHacc?
7090 C3=K(34)aK ¢ 14)3AccIAcCRACC
7100 Neo=Nc-hen-Hnco-Hea-Chlda-Cn-Cnm-28 (L2024 2h 2020+ -34(
Z:gg bty i G 1 Cermeered mples "§ [ nrane
Nac=Nr-zn-Hat5-in-Can-Cna arcetted mgjes of N qions
712§ IF Mnc{0 THEN Mng=1E-3f
7140 RETURN !

38
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71s0 ! K!ttttlll‘tlllllt'itl‘llitltt!lttitttllltii!!ll!!lllttltlttt!lllttilt!ltlti
SRUEEESALE S RINISNIL AL

;&98 | $38 gles of meials and exides JEEEXELE
i . (IR utmmmnmxmmuumummmmmuumxummmm
\ 7180 Oxides: FOR [n=19 T
. Ha (in)=l
: 720 NEXT In
2241 FOR In=J5 T0. 44
. 7020 N(Ind=d
T23h HEXT In .
7240 ﬁetrTii=TxZ=113=T14=0 .
7258 Preceding prevents carryover of old valves
7260 IF NOT 1iflag AND NOY Lm‘lnq TEEN RETURN ) ]
7274 Teon=Nti-FNS 1-Tm-hc ! Condensed Ti + orides
7280 Dcon=Nag~FNSs Condensad 0
298 IF Laxflag UR Lflrxq THEN Dxlex
7360 IF Liflng=§ THEN Ox§ . . .
7344 Following far twe oxides or metal + ong axir 2
7320 IE NOT (Flagl AND Flagi} THEN Qxp
7330 TiisQcen
7340 het=Teon-Tii
350 GOTY 0x2
7360
7370 Oxb:  IF NOT (Flagf AND Flag2) THEN Orc
7380 Ti2=0con-Tcon
© 7390 Ti{=Tcon-287i2
7400 60T UxL
7410
7420 Dxc: IF NUT (Flag? hND Flag3) THEW Oxd
743 Ti3=2%0con~
744 T12—(Tcan-3tT13)/L
;’:‘g GOTU 0 2
470 gxer IF NOT (Flug3 hND Fiag4) THEN Oxe
748 T1322¥Tcon-
749 T.4sTcon- 3XTLS
2500 8070 Gx'-’
79110
7520 Oxe: IF NOI’ Flag2 AND Flagd THEN Alert2
. 753 T12=2¥Teea~0cen
. 754 Tid4=Tcon-287i2
. 75% GOTC Dx2
. 7560 Oxi:  IF Tinflog THEM Oyrin
- 7579 IF Flagl THEN Met=Tcon ! for Juflag =i, no liquid gvide
. 7580 IF Flect TREN Tii=icon :
) 7594 IF Flag2 THEN T12=Jcon/2
: 7600 IF F1agl THEN Tid=Tconsd
: 7640 1F F.uq4 THEW Tid=Tcon
;bgg £oT0 U xe
5
. 7040 Oxtin: IF Huqﬂ THER Met=Tcon-Rnc+No+ e ! Routine fop Ti¥ 4 gng grade. This lire 13 mat bal in N,
. 7550 F Elagd THEN S11=0can
L 7b49 If ©1a92 THEN 712=0con/]
: 7679 F F10gd (HEN Ti3=Qran/S
7631 IF Flag4 THEN Ti4=0con/2
;%9 GOTY Ok
10 Orlon: Sumox=Tcon/(i+At2:24h13)! Liquid exids uresent
720 IF Cflug AND Ticflag THEN Semox= 0con/(1#”¥m°*4tm3+m4
7730 For this case yse O =ather than Ti salance
2740 GDSU!' At )
2750 Mer=At{eCone:
7160 Tii=A*{f5umux
7778 112=A128Sumax
7780 Tid=At33unox
7798 Tid=A148Sunox
2’%!:8 Lox=Ne}*hi'hB+Tiz+Tw Meles of licuid ovide
) 7820 0x2:  N(22)=HetB(T{1933)
7830 N(21)=Het-N(22)
N 7640 N(Z6)=T14847(202D)
7850 N(35)=Tud-N{1p)
7864 H(36)=Ti28(T(2112)
7870 N(37)=Ti2-NM33)
934 R4Q)=T13R(T(2647)
- 7896 N(29'2713-N4D)
7904 NCAT V=T 148(1¢21443:
7910 - N(AL)=Ta4-N(AD)
720 FETURN 1
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7930 ¢ mxmmtmmmmumnmmumnummmumummmm

| | i

0
8556 Enbeep:
8us0
8720

‘
‘e
4
]
‘
'
‘
[
B
1

! 3:nfgmﬁinmxﬂﬁmm?gmm

o
FOR 1=

teeddiitiistlog

AR EEERRISREY
xmmnummnmuunmmxm

U(I)‘Bu(l S)*Bu(l 2)8T+By (1, 3)RTRT=By 1,50/ T+Bu (L, H)ALOG(TY

Du'DwU(I)lN(I)!
NEXT 1

IF Du(=G THEN RETURM
Ir Flc&g1 D AND (T=1933) THEN End
!

I
92 AND (T=2412) THEN En2
IF Flngd AND (T=2047) THEN End
IF Flag4 AND (T=2143) TH%N En4
IF Tintlag AND (T=3220) THEN Entin
RETURN !

N(2D)=Du/74 445 1
N(L7)aNAX(E, Tic-N(ZID) !
DosDuk (N(19)<0)

iF N(i%) THEH newuxn

523

Rr-N22)) |
Du=Du (N(241=0)
TENGBE) THEN RE TURN
N(22)=Met
GOTO Enbes
N{44)=Dy/6ko80 !
NU4TIHAK(E, Tin-N(44)) 1
Du=Duk(N(43J=()

TF N(A3) THEN RE TURN
Nl M)ﬂm

£OTO Enb
R’3b)‘Du TS0 1
NCE5)=HAX(O, Tit-N(36)) |
Du=Dut (H(35)=0)
§¥3N(35)17H£n EEIURN

60TD Enbeer
N(38)=Du/110484 !
N(I7)=KAX(D Ti2-Ni3B) 1 !
Du=DuR(NCI7)=0)
IF N(37) THEN RETURK
N(38)=Tic
5010 Enbeeg9
#{40)=Dy/1 38105 |
N(39)<] MX(U T13 N(4D))
Du-Dut (M3

N3P} IHEN RETURN
nuu):m
GOT0 Enbee
N(42)=Du/kS960 1
NUATI=MAX(D, Tid-N{42 1) !
Dy=Duk(N(41$=0)
IIF4N(4%)‘THEN RETURN

it
"1)-HAX(D

iLiguid ~130%

REEP

géSF 'Selem a lower temperature®

Hnlur intarnal enerqgy of pach speciee
Swns tetal internal enerqy

Ratues from 'Tml' 16 main pragram

In the follouing, 2 phases of the supzrance ors present,
Solid is aiven by 4U divided by ensrgy of fusien.

Solig Til

Liayid TiC

Seled Ty
Ligwsd Ti

Solud TiN
Liovid TiN

Joi.d 110
tigmd Til

Selsd Ti203
L:ouid T1203

Selig TiZ2CS

Seiad T107
Llquid TiC2

40
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8580 1 ttmmmmmmumuxxm.umxmmml‘gmmg:umtgmt:x

| SRERERNSRRRERERREE  Digonostics FR L ibe by iidri badipditeitithiatd

ﬁvg‘ o tidhhid tH413 muuwmtmmmmmtmmmmmm

B4l Alm" Tmproper oxides present

856210 PIINT *tiror in OXIDES*

B6J0 G SUB Sum

“g% GCITO 1

enp

3564 !

8719 | . , . .
8480 Sum: PRINTER IS 7,11 If activated by Ki, orints after euch iteration
8694 GOSUR Spec

8701 GOSUR Preflg

sﬁ;},g - PRINT LI;M) *T= *TLINWUY

4

%2’.3 PRINE USING ImsumsFob(D) NCI) Fo®(I41) NCT+L) Fod(142) N(I42), JFat(142), 00 103)

1

882)28 PRINT USING Insum:Fo$(l) NF1) Fos(I+1) N(I+§) FoseI+2) N(I142) ,Fos(1+3) N(1+3)
%77'27.3 I;R}Hf USING ImsumiFosCl} NCI),Fobie) NOTed) FoB(f+2) NOT+23 Fesi[+3} N(143)
%73%3 f;RIaNT USING InmswmiFo$(I), NEI) Fo#(Teg) NOT#1) FostI42) N(142),Fesi[+3} N(143)
%%%g P‘!INT Y3ING Tmsym;Fos(l) N(D), Fas(1+0) NT+1) Fog(142), NCT42) Fos([43) ,We143)
88%453 ?HJSH USING ImsumiFos(1),N(I), Fas(T+0) NUT+) Fodt142) NCI42) Foes(143) N(143)
885 PRINT USIMS Insun;Fu(I) N(I) Fat‘l*i) H('H)

) PKINT USTHG Imsun;*TiC* Tic *Her® et TiDr,Tu1 *7.208, 702

887 PRINT usmc BT 1306 Tia o620 id wTiNe tin"9Gre e

380 Imsunm: THAGE bDlE

8870 Sual: Sun=FNS ulrfmﬂxcﬂieHFNTsunl hopears in fingl outpul

8900 PRINT LIN(S),*Ti BALANCE * Wei,Sun

874 :on=FNSa+h1-‘3tT1 2eSKTi324TIA

892 PRINT “0 BALANCE *,Naa,Sun
993 Syn= Tln’rzm*NMch'flh\cﬂCn#C n+Cnm

894 PRINT *N BALARCE * Nn,Sun

895 Sym=Nc- Ncc*tﬂ(‘ozdxucr

8940 PRIN' *C bqloncc N, Sum

9970 Sum=Hh &Y +28DhX TR

8980 PRINT “H bqlunce S .Sun

89910 ORINT USING “K.K*: 'N:C“ *Acc

200 PRINT USING *K K, g “Atsum = * JAtsun

904 ORINY LINEZ) TAE{ZD) *Test for eqnlmrwn ' LIN)

yg2 PRINT SPA(f),K"; TM‘(&U)' Huser 1¢ Y TAR(I0)

303 PRIRT Fynctionnf ((=Nuneric)® LINC)

9040 FLOAT 7

050 iF N31 Lon’lug AND NOT Lflag THEN NO Ati AtZ=AtI=A*4=)

2060 PRINT "Tu A TAB(AD) , AtD/K T TRR(IN

9071 PRINT 'm (TAROLD) AH /KL TARGINY T

480 PRINT T1203 ,TABUD),SOR(MZ)/KB fRB(JU) L, TARXISQR (X

v PRINT *T1305";TAR(10) SRR(AH)/K., TAB(’Q) T-tXtXl"OF(TnX)

11 PRINT *Tamscte b b b1

Tt PRINT *TiN*;fAB(10), {/xun fAB(zo) fn

9420 PRINT ‘TLC" M!(UJ) {7Ktic: TAB(3D), Ti¥Acc

9430 IF Loaflag OR muq mcn FRINT LIN{1)

P44 IT Lax{lag OR LFlag THEN PRINT USINS Insun,‘fz('leﬂ‘ Ard et At 'ul'h 03,42
9158 lF Lexflag OR Lflag THEN PRINT USING Insum: {7,305} At ulTLUZ)

giigg ﬁrn\-mes in quwd pulde

ANDARD
9180 PRIRTER 15 7,4
2199 RETURN
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9200 V' sxstkadusaiReiRaRER A ssaninisbndanauitushasatsanstaReuRrANIRAIRALNNLANANS
110 SERIER  Snecy dey AAALIRASERERIARERCRNRTERY

$3 | nfuﬂmumnnmhﬂsaﬁumﬂhﬂmtl%m S

hodh L

9244 | : ) -

L I R Y Tl '

260 1 2 TI0

w713 Ti02

980 | 4 TL4

Puv01 8 {nat ysed)

9300 | b A

Wi 7 o

9l 1 8 C02-

9330 1 9 H

9340 | 40 OH

0I5 44 H

9360 1 {2 H20

oI 13 {net ysed)

9380 1 14 Inot vsed

P390 | 1S N?g

9400 1 16 N

101 47 )

9420 | {8 02

2438 1 19 TICQ)) lic V' q Ktic

o401 30 TiC(s) 6 Tietlag Kric

usy 1ol Ti(l) Het  Flogl K1i

ot | 2 ) far lagi Kol

! 1] i a

baay o 5 B4

490 1 25 (N

9500 ) 24 C2H

9ait | %7 C2N

9520 ! 28 [not ysud)

20V 29 KON

99359 Il 30 l;‘lNCO

S 1 3 (ko

a2t 33 CAH

9580 ¢ 34 [3 ]

9594 1 IS Tib(l) iy Elags X4

%00 1 3b Ta0is) i A n

9650 + 37 Ti20H(D) Tid Flays \L’=S&§(Km

9620 1 38 T.2031s) 112 Flagd K508 (Kn

9630 1 39 Yid0s() Ta% F{uql k1*§8?(in\

940 1 A1 TiI05(s) 13 Flagd ¥I=SGR (KN

9650 1 44 Ti02(}1) Ti4 flagd K4

9660 | 42 Ti02is) T14 Flugd k4

9670 1 43 TiN(]) Tan Tinflag K1in

9680 1 44 TiN(s) Tin Tinflag Ktin

9690 1

700 1

9740 1 Luxflug or Lflu% Indicates presgnee of continyevs Yiquid ohase

9720 ! A0, A 14 At2, Atd, Atd far activity (idaal seletaen)

973 1 of Ket. 110, 11203 T1305, TiC2

9740 ! Ace = nctlvity of carbon

9/ 1 X = SQR(02)

9740 | Y = SR{H2)

P71 1 = SQR(ND)

9780 1

9790 1 Yqriables used is Newten's metnhod colylatian:

9800 1 No metal or oxide i

9649 1 Une oxide enly/metal only Y (Ti oF Tik ¢ 4 solud oxide, no metgl)

9820 | Two wrides/metal + § oxide -

3%? !END Ir qll cases, 2 and Acc are the lnst twe variables when apprepriate
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